The lactam ring system is one of the most ubiquitous structural motifs found in natural products and pharmaceuticals.
1 Owing to the prevalence of lactams, their synthesis has attracted considerable attention. Lactams are usually prepared by the coupling of activated carboxylic acid derivatives with amines.
2 Alternative routes include the Beckmann rearrangement of oximes, 3 the Schmidt reaction of cyclic ketones and hydrazoic acid, 4 the Kinugasa reaction of nitrones and terminal acetylenes, 5 the Diels-Alder reaction of cyclopentadiene and chlorosulfonyl isocyanate, 6 transition metal catalyzed lactamization of amino alcohols, 7 and iodolactamization of amides and alkenes. 8 In particular, the intramolecular Staudinger ligation of azides and activated carboxy acids, including esters, is well known as an environmentally friendly and mild protocol for lactam synthesis. 9 Recently, we discovered a direct lactamization of the azide group and the amide group via a Staudinger-type reductive cyclization while constructing the pyrrolopiperazinone skeleton in the formal synthesis of bromopyrrole alkaloids (Scheme 1).
10 Amides have been used with azides in the synthesis of cyclic imine compounds via the intramolecular aza-Wittig reaction.
11 However, interestingly, amides have never been used as electrophiles with azides in the synthesis of lactams via the Staudinger-type reductive cyclization, in spite of the widespread use of amides in organic, biological, and materials chemistry. Here, we report a generalized direct lactamization of 1,3-and 1,4-azido amides via the Staudinger-type reductive cyclization in order to develop a mild, functional group tolerant and efficient methodology for lactam synthesis (Scheme 2).
On the basis of the previous result we obtained upon the direct lactamization of the azido amide during the synthesis of the pyrrolopiperazinone skeleton (Scheme 1), we undertook further optimization of the direct lactamization of the 1,3-azido amide 1a in the presence of 1.2 equiv of triphenylphosphine. The amount of triphenylphosphine was reduced from that in the previous reaction condition in Scheme 1, and the optimization was carried out for various molar equiv of water in tetrahydrofuran (0.1 M) under reflux (Table 1) . By comparing the yields of the lactamizations of 1a using various molar equiv of water under the same conditions, 8.0 equiv was identified as the ideal amount that afforded the desired γ-lactam 2a in 95% yield (Table 1, entry 5).
Next, we examined the scope of azido amides as substrates in the direct lactamization under the optimized conditions ( Table 2 ). A series of 1,3-and 1,4-azido amides bearing various backbones, such as aromatic, aliphatic, and substituted aliphatic azido amides, were examined ( Table 2 , entries 1-7). The aromatic and aliphatic azido amides afforded the desired γ-and δ-lactams in excellent yields ( Table 2 , entries 1-4). In addition, the aliphatic azido amides bearing functionalized alkyl and Cbz-protected amino substituents afforded the corresponding α-substituted γ-and δ-lactams in good to excellent yields ( Table 2 , entries 5-7).
Furthermore, the aliphatic 1,4-azido amides 1h and 1i
Scheme 1. Synthesis of a pyrrolopiperazinone skeleton by the direct lactamization of azido amide via a Staudinger-type reductive cyclization.
Scheme 2. Generalization of the direct lactamization of 1,3-and 1,4-azido amides. Procedure: Triphenyphosphine (120 mol %) was added to a solution of 1a (100 mol %) in THF (0.1 M). The mixture was stirred at rt for 1 h, at which point water (120, 200, 400, 600, or 800 mol %) was added and the mixture was refluxed for 24 h. The solvent was removed and the residue was isolated by silica gel chromatography.
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bearing an oxygen and amide bond in the linear chains, respectively, were examined ( Table 2 , entries 8-9). In both cases, the direct lactamizations afforded the corresponding lactams, such as 3-morpholinone (2h) and 2,5-piperazinedione (2i), in good yields. The proposed mechanism of the lactamization of the azido amides is presented in Scheme 3. It is supposed that the lactamization would proceed via the nucleophilic attack of the amine group to the amide group in the amino amide II, which is generated from the azido amide by the Staudinger reaction 12 (path A → path B, Scheme 3). Indeed, the plausibility of path B was confirmed by the lactamization of the amino amide IIa, which was obtained from 1a under the hydrogenation condition, 13 in tetrahydrofuran under reflux for 24 h to afford the desired γ-lactam 2a in 98% yield (Scheme 4).
14 However, the possibility that the lactamization would proceed via the nucleophilic attack of the nitrogen atom in the iminophosphorane I 9,11 (generated by the reaction between the azide group and triphenylphosphine) to the amide group and subsequent hydrolysis could not be ruled out (path C → path D, Scheme 3). This is because the molecular ion corresponding to the mass of the lactamized intermediate IIIa existed in low abundance, while the molecular ion corresponding to the mass of the iminophosphorane Ia was the most abundant ion in the spectrum, according to the results of FAB high-resolution mass spectrometric analysis of the intermediates Ia and IIIa, which were obtained by the reaction of the azido amide 1a with triphenylphosphine in the absence of water in tetrahydrofuran under reflux for 24 h 
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In summary, the direct lactamization of 1,3-and 1,4-azido amides has been achieved using triphenylphosphine and water, affording various γ-and δ-lactams in good to excellent yields. The direct lactamization of the azido amides was performed via the Staudinger-type reductive cyclization in which the amide group acts as the electrophile for lactam synthesis. This lactamization provides a mild, functional group tolerant and efficient route for the synthesis of various γ-and δ-lactams found in natural products and pharmaceuticals. Further studies will be conducted to develop new synthetic routes for the synthesis of various lactams.
Experimental Section
General Procedure for the Direct Lactamization of Various Azido Amides. Triphenylphosphine (120 mol %) was added to a solution of azido amide 1 (100 mol %) in THF (0.1 M). The mixture was stirred at rt for 1 h, at which point water (800 mol %) was added and the mixture was refluxed for 24 h. The solvent was removed and the residue was isolated by silica gel chromatography to provide the desired lactam. Mass spectral data were obtained from the Korea Basic Science Institute (Daegu) on a Jeol JMS 700 high resolution mass spectrometer. 
